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Abstract
Fuertes Aguilar, J., Gutiérrez Larena, B. & Nieto Feliner, G. 2011.
Genetic and morphological diversity in Armeria (Plumbagi-
naceae) is shaped by glacial cycles in Mediterranean refugia.
Anales Jard. Bot. Madrid 68(2): 175-197.
Little is known of the direct effects of Quaternary glaciation-
deglaciation cycles in plants within southern European refugia.
This study, centered in the Sierra Nevada (S Spain), used RAPD
and morphometric data from 36 populations of Armeria
(Plumbaginaceae) from five taxa belonging to three species that
are endemic to that region: A. filicaulis subsp. nevadensis, A. fi-
li caulis subsp. trevenqueana, A. filicaulis subsp. alfacarensis, 
A. splendens, and A. villosa subsp. bernisii. The results based on
genetic analyses at the population level (AMOVA, genetic diver-
sity, genetic distance) and genetic and morphological analyses 
at individual level (haplotype phenetic distance, PCO, morpho-
metrics) indicate that: (1) genetic diversity decreases with alti-
tude, probably as a result of the postglacial recolonization pro-
cesses, except in some secondary contact zones between taxa;
(2) gene flow among interspecific populations, most likely facili-
tated by contraction of vegetation belts, led to the formation of
hybrid taxa; (3) genetic distances among populations provide a
useful basis for studying scenarios with frequent interspecific
gene-flow since it allows distinguishing eventual cases of intro-
gression from hybridogenous taxa.
Keywords: altitudinal gradient, glacial refugia, hybridization,
Iberian Peninsula, phylogeography, reticulate evolution, Sierra
Nevada.
Resumen
Fuertes Aguilar, J., Gutiérrez Larena, B. & Nieto Feliner, G. 2011.
La diversidad genética y morfológica en Armeria (Plumbagi-
naceae) se debe a los ciclos glaciales en los refugios mediterrá-
neos. Anales Jard. Bot. Madrid 68(2): 175-197 (en inglés).
Poco se sabe de los efectos directos de los ciclos de glaciación-
deglaciación del Cuaternario sobre las plantas de los refugios
glaciales del S de Europa. En el presente estudio, centrado en
Sierra Nevada (S de España), hemos empleado RAPD y datos
morfométricos de 36 poblaciones de Armeria (Plumbaginaceae)
de cinco táxones pertenecientes a tres especies endémicas de
esa región: A. filicaulis subsp. nevadensis, A. filicaulis subsp. tre-
venqueana, A. filicaulis subsp. alfacarensis, A. splendens y A. vil-
losa subsp. bernisii. Los resultados basados en el análisis genéti-
co a nivel poblacional (AMOVA, diversidad genética, distancia
ge nética) y los análisis genéticos y morfológicos a nivel individual
(distancia fenética genotipo haploide, PCO, morfometría) indi-
can que: (1) la diversidad genética se reduce con la altitud, pro-
bablemente como consecuencia de los procesos de colonización
posgla ciales, salvo en zonas de contacto entre táxones; (2) el flu-
jo génico entre poblaciones de distinta especie, probablemente
facilitado por la contracción de los cinturones de vege tación, re-
sultó en la formación de táxones híbridos; (3) la distancia ge-
nética entre poblaciones nos proporciona una base útil para el
estudio de escenarios con frecuente flujo interespecífico de ge-
nes, ya que permite distinguir casos eventuales de introgresión
de táxo nes hibridógenos.
Palabras clave: gradiente altitudinal, refugios glaciales, hibri -
dización, Península ibérica, filogeografía, evolución reticulada,
Sierra Nevada.
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Introduction
Glaciations have shaped present-day plant species
distributions in the Northern Hemisphere (Hewitt,
1996, 2000) through four main direct effects on popu-
lations: isolation, expansion, migration and extinction
(Comes & Kadereit, 1998). During glacial periods,
species that were adapted to arctic-alpine conditions
colonized large extensions of tundra and steppe south
of the ice sheets and alpine enclaves, while those
adapted to temperate conditions were confined to
southern refugia (Ferris & al., 1999). In contrast, inter-
glacial periods favoured the recolonization of newly
open habitats in deglaciated areas, thereby inducing
migratory movements towards northern areas that al-
lowed the admixture of previously fragmented popu-
lations (Gabrielsen & al., 1997). In some of the south-
ern European areas, including high-altitude massifs, a
more complex pattern is added to these latitudinal
refugia dynamics. Due to the great diversity of habitats
along high-elevation mountains, altitudinal shifts in
plants induced by climatic changes took place at a
much more reduced scale than latitudinal changes
(Hewitt, 1999). As a consequence of overlapping lati-
tudinal and altitudinal shifts associated with contrac-
tion-expansion cycles, southern refugia became ex-
traordinary arenas for plant evolution that fostered a
variety of outcomes including fragmentation, compe-
tition, hybridization and speciation (Brochmann & al.,
1998; Steen & al., 2000). Most of the phylogeographic
and genetic research on European refugia has focused
on extinction and recolonization processes in the arc-
tic-alpine flora of northern and central glaciated areas
(Abbott & Comes, 2004; Ronikier & al., 2008), the
identification of central and southern European refu-
gia (Tribsch & Schönswetter, 2003; Schönswetter &
al., 2005), and the pathways of recolonization from
such refugia into deglaciated areas (Petit & al., 2003).
However, little work has been done on how glaciation-
deglaciation cycles affected the plants within the refu-
gia of southern Europe (Kropf & al., 2006, 2008; Petit
& al., 2002; Nieto Feliner, 2011).
The Sierra Nevada, the highest massif in the Betic
system (SE Iberian Peninsula), emerged during the
Langhian (earliest middle Miocene) and estimations
from sedimentary basins indicate that as early as in the
Tortonian-Messinian transition (7.1 Mya), the massif
had already reached 2000 m above sea-level (Braga &
al., 2003). Since then, despite erosion forces, it has suf-
fered a progressive uplift until its present-day highest
elevation at the Mulhacén peak (3480 m). Climatic 
oscillations in the Sierra Nevada during the last 5 My
(Tertiary-Quaternary) are well documented from 
paleosol evidence within adjacent basins (Günster 
J. Fuertes Aguilar & al.
& Skowronek, 2001) as well as from palynological
records in caves and lacustrine sediments (Pons &
Reille, 1988; Carrión & al., 2001a). Paleosol studies in
periglacial areas reveal that at least three cold Quater-
nary episodes took place in this massif, identified as
Riss, Würm, and Late Glacial, each one with a de-
creasing glacial activity (Gómez Ortiz & Salvador i
Franch, 1996; Simón & al., 2000; Schulte, 2002). As a
consequence of its orography, during Quaternary ice-
ages the Sierra Nevada paradoxically contained the
southernmost glaciers in Europe and at the same time
the surrounding area was a refugial area for plants
(Carrión, 2002; Carrión & al., 2003).
Currently, the Betic and Sub-betic regions in
Southern Spain form one of the richest centres for
plant endemism in Europe and the western Medite-
rranean basin (Blanca & al., 2002; Lobo & al., 2001;
Médail & Quézel, 1997; Molero Mesa, 1994). Plant
genera for which the Sierra Nevada region is a diversi-
ty "hot-spot" include Erodium (6 endemic taxa) (Sali-
nas, 2009), Arenaria (8) (López González, 1990), Cen-
taurea (13) (Blanca & al., 2002), and Erysimum (7)
(Nieto Feliner, 1993). The subject of our study, the
Sierra Nevada thrifts (Armeria), is another good ex-
ample of such a diversity pattern (Salazar, 2009). The
massif harbours three species of Armeria: A. splen-
dens (Lag. & Rodr.) Webb, A. filicaulis (Boiss.) Boiss.
and A. villosa Girard (Table 1). Armeria splendens is a
high-altitude (above 2880 m) endemic occurring in
alpine meadows (locally known as "borreguiles"). A.
filicaulis is represented by three endemic subspecies:
A. filicaulis subsp. trevenqueana Nieto Feliner is en-
demic to dolomites from Cerro Trevenque and Alayos
del Dílar, in the western part of the Sierra Nevada
(1700 m), A. filicaulis subsp. alfacarensis Nieto Fel.,
Gut. Larena & Fuertes, also occurs on white dolo -
mitic substrates but in the north-east of the Sierra
Nevada, on the Sierra de Alfacar and its surroundings,
and A. filicaulis subsp. nevadensis Nieto Fel., Rosselló
& Fuertes, is restricted to a narrow area on schist be-
tween 2100-2550 m. A. villosa is represented by A. vil-
losa subsp. bernisii Nieto Fel., which is endemic to the
eastern Betic mountains, including the Sierra Nevada,
and is the most common taxon of Armeria inhabiting
Pinus and Quercus forests between 1250 and 2550 m
(Blanca & al., 2002; Fuertes Aguilar & al., pers. ob-
servations).
Previous studies based on trnL-trnF sequences
(Gutiérrez Larena & al., 2002) revealed a shared pat-
tern of plastid haplotypes among species suggesting
an interspecific horizontal transfer in Sierra Nevada,
with an initial colonization process being the estab-
lishment of Armeria splendens. The study of ITS se-
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quences (Fuertes Aguilar & Nieto Feliner, 2003; Nie -
to Feliner & al., 2004), revealed the prevalence of a ri-
botype (R3) that was almost restricted to the Sierra
Nevada and which was present in all samples of the
five taxa. However, in a few individuals from popula-
tions of A. filicaulis and A. villosa R3 co-occurred in-
tra-genomically with other ribotypes, either R1 or R2,
which were also detected outside the Sierra Nevada.
Both studies discovered a species-independent geo-
graphically structured pattern of variation of se-
quence data that was also partially independent from
morphological characters. Moreover, the geographi-
cal patterns of the nuclear and plastid sequences were
also independent from each other. This finding, to-
gether with the emerging evidence of genetic ex-
change at a local scale between the different species
(Nieto Feliner & al., 1998), underlined the necessity
of a total genome marker study to detect local intro-
gression and putative late generation hybrids. Due to
the independence of morphological variation from
DNA sequence variation (Fuertes Aguilar & al., 1999)
in southern Iberian Armeria spp., a complementary
morphometric analysis of the involved taxa was also
considered relevant to help interpret the molecular
data.
We chose the genetic fingerprint marker RAPD be-
cause it represents a random sample of the entire
genome (Williams & al., 1990; Lorenz & al., 1994)
and because it had provided sufficient variation in
studies of related taxa of Armeria from other areas
(Nieto Feliner & al., 2002). Most RAPD is nuclear
and thus biparentally inherited in angiosperms (Weis-
ing & al., 1995; Rieseberg, 1996). This implies that ad-
Diversity of Armeria in Sierra Nevada
ditive patterns of such markers are expected in hy-
brids at the population level, and consequently they
can be used to examine hybridization and introgres-
sion (e.g. Sale & al., 1996; Martin & Cruzan, 1999).
RAPD phenotypes have been widely used to estimate
the genetic structure of populations (Steward & Ex-
coffier, 1996; Palacios & González Candelas, 1997;
Jordano & Godoy, 2000; Segarra-Moragues & Ca -
talán, 2003). Despite criticisms raised on the basis of
reproducibility (Skroch & Nienhuis, 1995; Jones &
al., 1997), a certain re-evaluation for this technique
came from a review by Nybom (2004), who indicated
that estimates of population genetic structure derived
from markers such as RAPD, AFLP and ISSR pro-
duce very similar values and may be directly compara-
ble. This  view has been confirmed by several studies
on plants occurring in the Mediterranean region
(Morgan-Richards & Wolff, 1999; Golan-Goldhirsh
& al., 2004).
Determining how morphological and genetic di-
versity patterns may have interacted within putative
glacial refugia requires a study encompassing several
techniques. Using such an approach, the aims of our
study were to: (1) explore the genetic boundaries of
the Armeria taxa inhabiting the Sierra Nevada and the
possible occurrence of gene exchange among them,
particularly in the hybridogenous A. filicaulis subsp.
nevadensis; (2) assess the genetic structure and pat-
terns of gene flow among populations from the differ-
ent taxa; (3) compare morphometric and genetic vari-
ation across the taxa inhabiting the Sierra Nevada by
verifying congruence with that previously obtained
from sequence data; (4) interpret the data in the light
177
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Species Subspecies Distribution
A. villosa longiaristata (Boiss. & Reut.) Nieto Fel. Central, Eastern Andalusia
Girard
bernisii Nieto Fel.
S. Tejeda-Almijara, S. Nevada, S. Filabres, 
S. Gádor
A . filicaulis filicaulis Eastern Andalusia, S.Tejeda-Almijara, Rif
(Boiss.) Boiss.
trevenqueana Nieto Fel.
Western S. Nevada 
(Cerro Trevenque, Agujas del Dílar)
nevadensis Nieto Fel., Roselló & Fuertes S. Nevada
alfacarensis Nieto Fel., Gut. Larena & Fuertes North S. Nevada (up to S. de Alfacar)
A. splendens
S. Nevada
(Lag. & Rodr.) Webb
Table1. Taxonomic synopsis of Armeria taxa involved in this study.
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of the glacial history of the massif to help clarify the
biogeographical role of southern European massifs as
Quaternary refugia.
Material and methods
RAPD sampling
The sampling for the molecular study included a to-
tal of 197 individuals from 36 populations across the
whole altitudinal and latitudinal geographical distri-
bution of the studied species (Fig. 1, Table 2). From
the Sierra Nevada, we sampled populations of Arme-
ria filicaulis subsp. nevadensis (4 pops.), A. filicaulis
subsp. trevenqueana (1 pop.), A. splendens (3 pops.),
and A. villosa subsp. bernisii (17 pops.). In addition,
three populations of A. villosa subsp. bernisii from the
surrounding massifs of Sierra de Gádor, Sierra de los
Filabres and Sierra de Tejeda-Almijara were included.
Five populations of A. filicaulis from the nearby Sierra
de Tejeda-Almijara (subsp. filicaulis) and Sierra de Al-
facar (subsp. alfacarensis), and three populations of A.
villosa subsp. longiaristata from Sub-betic localities at
Cazorla and Alfacar completed the sampling, For each
population, samples of leaves from at least 5 individu-
als were collected and preserved in silica-gel until
DNA isolation. One to five individuals per population
J. Fuertes Aguilar & al.
were collected for the morphometric study and as a
voucher for identification. Additionally, 29 individu-
als from surrounding populations not included in
RAPD analysis were included to complete the mor-
phometric study (Table 2). Vouchers were deposited
in the MA herbarium.
Primer selection and pilot study
In order to select those primers yielding an infor-
mative and reproducible banding pattern, a primer
selection test was conducted from a set of 49 oligonu-
cleotides used in previous studies in which within-
species variability was observed (Swensen & al., 1995;
Stewart & Excoffier, 1996; Jordano & Godoy, 2000;
Nieto Feliner & al., 2002). Each primer was tested
with nine samples obtained from three individuals be-
longing to three different taxa. Nine of the tested
primers were selected based on number (30>n>5),
resolution and intensity of bands. To assess the repro-
ducibility of the PCR products, a survey was per-
formed testing each of the nine primers with one indi-
vidual per population. Two PCRs separated by at least
24 hours were performed and their respective band-
ing pattern compared. As a result of this test of repro-
ducibility, one primer was discarded and eight were
chosen for the final study (OPC-06, OPC-15, OPC-
16, OPD-12, OPJ-05, OPJ-09 from Operon Tech-
nologies, and UBC-111, UBC-489 from University of
British Columbia catalogue). For further reliability,
bands considered reproducible were restricted to a
range between 100 and 1200 bp.
DNA isolation, PCR and RAPD analysis
DNA was isolated from leaf tissue using a modified
method of Doyle & Doyle (1987) within 30 days after
collection. 0.2 g of silica-dried leaf tissue samples were
homogenized and added to 0.20 ml of CTAB buffer
(1.4 M NaCl, 100 mM Tris-HCl pH 8.0, 20 mM
EDTA pH 8.0, 2% CTAB, 1% PVPP, 0.25% ß-mer-
captoethanol). Samples were incubated at 65 °C for
60 min, and 0.5 ml of chloroform-isoamyl alcohol
(24:1) was then added and the mixture was gently
mixed for 10 min. After centrifugation at 15,000 rpm
for 10 min, the aqueous layer was removed and the
process repeated. The aqueous layer was subsequent-
ly precipitated with 2.5 volumes of – 20 ºC ethanol.
The DNA was spooled, air-dried, and re-suspended
in 50 µl TE. DNA was quantified using a Gene Quant
II UV spectrophotometer (Amersham Biosciences
Europe GmbH, Cerdanyola, Barcelona, Spain). DNA
samples were adjusted to a concentration of 35 ng/µl.
RAPD reactions were performed in 50-µl aliquots
containing 25 ng of template DNA, PCR buffer (50
178
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Fig. 1. Geographic location of the Armeria populations included
in the study. A. splendens: black inverted triangles; A. filicaulis
subsp. filicaulis: grey squares; A. filicaulis subsp. nevadensis grey
diamonds; A. filicaulis subsp. trevenqueana and A. filicaulis
subsp. alfacarensis: grey triangles; A. villlosa subsp. longiarista-
ta: black circles; A. villosa subsp. bernisii: white circles.
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mM KCl; 10 mM Tris-HCl pH 8.8; 0.1% Triton X-
100), 3.0 mM MgCl 2, 0.25 mM each dNTP, 0.2 mM
primer, and 1.25 U Taq DNA polymerase (Biotools,
B&M Labs, Madrid, Spain). Amplification reactions
were performed in a Perkin-Elmer Gene Amp 9700
Thermal Cycler (PE Biosystems, Foster City, Califor-
nia, USA) programmed for 45 cycles of 94 ºC for 30 s,
45 ºC for 60 s, and 72 ºC for 60 s, with a final 72 ºC
hold for 7 min after the completion of cycles. A nega-
tive control with DNA substituted by ddH2O was in-
cluded in each PCR. PCR products were separated by
electrophoresis on 2.5% high resolution agarose
(MS-8, Pronadisa, Madrid, Spain) 1× TAE gels.
Aliquots of 15 µl of PCR were loaded in each well and
run for 5 hrs at 90 v in a refrigerator at 4 ºC. A well
was loaded every 7 lanes with a 100 bp standard (100-
3000 bp, 30 bands, BioRad Laboratories SA, Madrid,
Spain) for band length calibration. Gels were stained
in a 3 µg/ml ethidium bromide solution for 10 min,
destained in distilled water for 35 min, visualized on a
UV transilluminator and digitized using a Gel docu-
mentation system Gel Doc 2000 (BioRad Laborato-
ries SA, Madrid, Spain) equipped with a Kodak DC-
290 digital camera. Digitized gels were exported for
band analysis using Quantity One 4.2.1 software
package (BioRad Laboratories SA, Madrid, Spain).
Homology was assigned between bands from differ-
ent lanes based on size and performed automatically,
allowing a 1.5-2 % tolerance depending on primers.
This procedure made feasible the comparison among
different gels and the use of a uniform criterion for
the large amount of processed samples. Variations in
intensity between bands of equal molecular weight
across samples were not considered. Those bands
that could not be reproduced twice in the same indi-
vidual during the pilot study were discarded. A final
1/0-matrix representing band presence/absence was
then generated and exported to .xls format for fur-
ther analysis.
Statistical and genetic analysis of RAPD
A multivariate analysis of the binary RAPD matrix
by Principal Coordinates Analysis (PCO) was per-
formed using NTSYS-pc 2.11a (Rohlf, 2002). To
avoid bias produced by false negatives the Dice coef-
ficient (S) (Dice, 1945), also known as the Sørensen
coefficient, was used to construct the individual pair-
wise similarity matrix, as suggested by Wolfe & Liston
(1998). The Jaccard coefficient was also calculated
but results did not differ significantly (data not
shown). A genetic distance version of the Dice coeffi-
cient was generated transforming the similarity matrix
in NTSYS-pc using the formula D = (1-S)1/2, as pro-
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posed by Legendre & Legendre (1998). This distance
matrix was then imported into PAUP*4.0b10 (Swof-
ford, 2002) to produce a Neighbour-Joining tree
(Saitou & Nei, 1987) with support values of branches
estimated through 1000 bootstrap analyses. The parti-
tioning of the genetic variance within and among
popu lations was evaluated through the analysis of
molecular variance (AMOVA), as presented in the
package ARLEQUIN 2.0 (Schneider & al., 2000). The
analysis was performed at three hierarchical levels us-
ing two hypotheses: (1) considering the three species
as separate groups (Armeria filicaulis, A. villosa, and
A. splendens); and (2) considering the seven identified
taxa as separate groups (A. filicaulis subsp. filicaulis,
A. filicaulis subsp. trevenqueana, A. filicaulis subsp.
nevadensis, A. filicaulis subsp. alfacarensis, A. villosa
subsp. bernisii, A. villosa subsp. longiaristata, and A.
splendens). The significance values for each variance
component were obtained through non-parametric
permutations using 1000 replicates. Pairwise genetic
distances between populations were calculated based
on the ΦST statistics values generated by AMOVA
among RAPD phenotypes. The distance matrix was
then used to produce a tree using the Neighbour-Join-
ing algorithm. Branch support was also assessed
through 1000 bootstrap replicates in PAUP* 4.0b10.
Gene diversity (Hpop) was estimated for each popula-
tion from the frequency of RAPD bands using Nei’s
(1973) algorithm adopted for RAPD by Peever & Mil-
groom (1994). Genetic distances between populations
using Nei's genetic distance (1972) with an estimation
of support for each cluster, were also inferred using
TFPGA (Miller, 1997).
To further identify the genetic structure underlying
our dataset, a Bayesian non-hierarchical clustering
method was applied using STRUCTURE version 2.3
(Hubisz & al., 2009), which calculates the likelihood
for the individuals being assigned to a given number
(K) of groups based on minimizing linkage between
groups, and maximizing linkage within them. Ten
replicates of each value of K (1 to 15) were run under
the correlated allele model (Falush & al., 2007) with a
MCMC and burn-in settings of 106 and 105 iterations,
respectively. We followed two criteria to detect the
optimal number of K groups: First, the method sug-
gested in the original STRUCTURE paper, which
consists of comparing mean log likelihoods from the
different cluster assignments penalized by one-half of
their variance (Pritchard & al., 2000); Second, the
highest increment in DK values (Evanno & al., 2005)
from the different cluster assignments.
The correlation analysis between genetic diversity
and altitude was performed using a Pearson product-
J. Fuertes Aguilar & al.
moment correlation with SPSS 12.0.1 statistical soft-
ware package (SPSS, Chicago, IL)
Morphometric analysis
A total of 30 characters were measured (Table 3)
for 212 individuals, including at least one individual
from each population surveyed in the RAPD study.
Characters were selected based on previous studies
(Nieto Feliner & al., 1996, 2001), and included six-
teen quantitative continuous, one quantitative dis-
crete, seven qualitative discrete (2 or 3-state), and five
ratios of quantitative continuous characters (Table 3).
For quantitative continuous characters three mea-
surements were taken in each individual and the mean
value was calculated. Standardization of variables was
performed before the analyses. To display relative po-
sitions of individual phenotypes in the morpho-space,
a Principal Component Analysis (PCA) was per-
formed as an ordination method. A minimum span-
ning tree (MST) based on Euclidean distance was su-
perimposed on the scatter-plot to help identify the
closest relatives among different swarms. All these
analyses were carried out with NTSYS-pc 2.11a.
Results
RAPD variation and genetic relationships
among taxa
A total of 62 RAPD bands, ranging between 200
and 1200 bp were scored, with an average of 7.7 bands
per primer. After processing, no replicated RAPD pro-
files were found, so the number of RAPD multiband
phenotypes was equal to that of individuals (N = 197).
Only two primers generated products that were useful
to distinguish taxa. Primer OPC-06 produced a 950
bp band that discriminated Armeria villosa subsp.
bernisii from the remaining taxa. Two more bands (760
and 360 bp) generated by OPC-15 grouped, exclu-
sively, individuals of A. villosa together with A. fili-
caulis subsp. trevenqueana. No diagnostic markers
suitable for the discrimination of any of the three
species were identified. A marker was considered di-
agnostic if it was present at a frequency equal to or
greater than 90% in all individuals of a given taxon
and present at a frequency lower than or equal to 10%
in all individuals of other taxa. We considered this re-
laxed criterion to be justified due to the frequent oc-
currence of hybridization within this genus (Fuertes
Aguilar & Nieto Feliner, 2003). In the PCO analysis,
the first three coordinates explained 20.8% of the vari-
ance (8.6%, 7.0% and 5.2% respectively). Pheno-
types spread across the space defined by the first two
axes, which together accounted for 15.6% of the total
184
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Number Character description
1 Leaf length
2 Leaf width
3 Ratio of leaf length to leaf width
4 Scape length
5 Diameter of the scape at base
6 Diameter of the involucre
7 Ratio of the involucral diameter to the length  
of the involucral sheath
8 Number of involucral bracts
9 Length of outer involucral bracts
10 Length of longest inner involucral bracts
11 Ratio of the outer to the longest inner
involucral  bracts
12 Width of inner involucral bracts
13 Length of mucro of inner involucral bracts
14 Length of mucro of intermediate
involucral bracts 
15 Length of spikelet bracts
Number Character description
16 Ratio of the length of spikelet bracts to the length 
of inner involucral bracts
17 Calyx length
18 Calyx lobe length (including awn)
19 Ratio of calyx lobe length (including awn)  
to total calyx length
20 Calyx tube length
21 Calyx limb length
22 Ratio of calyx tube length to calyx limb length
23 Length of calyx pedicel scar
24 White salt crystals (absence, 0; presence, 1)
25 Cilia on leaf margins (absence, 0; presence, 1)
26 Glabrous (0) vs. pubescent (1) leaves
27 Slender (0) vs. firm (1) involucral bracts
28 Calyx with 10 (0) vs. 5 (1) rows of longitudinal hairs
29 Involucral bracts colour: yellowish-cream (0), 
tawny or copper (1), brown (2)
30 Petal colour: white (0), pink (1), purplish (2)
Table 3. Morphometric characters used in the multivariate analysis of Armeria spp. individuals.
Fig. 2. Genetic variation among 197 studied individuals of Armeria spp. as displayed by a bi-dimensional scatter-plot using the two first
coordinates of a principal coordinates analysis based on a Dice similarity matrix of RAPD's phenotypes. Symbols as in Fig. 1.
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variance (Fig. 2). No clear-cut groups matched any of
the species. In the scatter-plot, three clusters could be
distinguished on the basis of taxonomic ascription.
One large cluster encompassed A. villosa samples
(subsp. longiaristata and subsp. bernisii), a second in-
cluded all A. filicaulis representatives except those of
A. filicaulis subsp. nevadensis, and a third grouped
representatives of A. splendens and A. filicaulis subsp.
nevadensis. Individuals of A. villosa subsp. bernisii and
J. Fuertes Aguilar & al.
A. filicaulis subsp. alfacarensis connected the first and
second groups.
The neighbour-joining tree based on the Dice coef-
ficient better visualized the genetic relationships
among RAPD phenotypes (Fig. 3). Despite low boot-
strap support, the unrooted NJ-tree showed 6 clus-
ters. Clusters 1 (Booststrap Support [BS] 52%), 2 (BS
< 50 %), and 3 (BS < 50 %) were formed by geo-
graphically close populations of Armeria villosa subsp.
186
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Fig. 3. Neighbour-joining tree based on distance transformed from Dice similarity matrix from all analysed Armeria spp. individuals.
Taxonomic ascription and individuals identified as in Table 2.
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bernisii, joined by Betic (Lon36) A. villosa subsp. lon-
giaristata samples in cluster 2, and by Sierra de Cazor-
la (Lon36) A. villosa. subsp. longiaristata populations
in cluster 3. Cluster 4 was almost exclusively formed
by A. filicaulis populations that thrive on crystalline
dolomites (Fil7, Filtre10) in northern (Sierra de Al-
facar) and western (Cerro Trevenque, Alayos del
Dílar) Sierra Nevada. Interestingly, individuals of A.
villosa subsp. bernisii from dolomites (Ber8) also
joined this cluster. Cluster 5 was the most heteroge-
neous taxonomically; it included all A. splendens pop-
ulations, all A. filicaulis subsp. nevadensis; a few high-
altitude individuals of A. villosa subsp. bernisii (most-
ly from Ber13, 2230 m) also fell within it. Cluster 6 was
exclusively formed by A. filicaulis and A. villosa subsp.
bernisii from the Tejeda-Almijara mountain range.
Morphological variation
Since morphological characters are the basis of the
present taxonomy of the studied taxa, it is not surpris-
ing that morphology was in accordance with the taxo-
nomic ascription. In the PCA analysis, the first three
Diversity of Armeria in Sierra Nevada
components explained 62.4% of total variance
(43.3%, 11.6, and 7.6%, respectively). The projec-
tions of individuals onto the morpho-space created by
the first three axes (Fig. 4) displayed four main
groups. The first three (A, B, C) each corresponded to
one of the species occurring in the Sierra Nevada:
Armeria villosa, A. filicaulis and A. splendens, while
the fourth (D) was composed of A. filicaulis subsp.
nevadensis individuals, which were connected to the
A. splendens and A. filicaulis groups in the MST. Indi-
viduals of A. villosa subsp. bernisii clustered with
those of A. villosa subsp. longiaristata, thus supporting
the coherence of the species. The position of A. villosa
subsp. bernisii was intermediate between A. villosa
subsp. longiaristata and A. filicaulis subsp. filicaulis.
Three outlier individuals of A. filicaulis (295A, 296A,
297A) from the Alfacar population (Fil7) were placed
closer to A. villosa subsp. longiaristata than to their re-
maining conspecific individuals, especially when PC1
and PC2 were considered. The plants from this locali-
ty and its surroundings have recently received taxo-
nomic recognition as A. filicaulis subsp. alfacarensis
187
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Fig. 4. Morphological variation among 212 studied Armeria spp. individuals, as displayed by tri-dimensional scatter-plot using, the
three first components of a principal components analysis based on 30 morphological characters (Table 3). A minimum-spanning tree
based on the Euclidean distance helps to identify connection between groups. Centroids identify clusters for major taxa in the mor-
phospace. Symbols as in Fig. 1.
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(Gutiérrez Larena & al., 2004). The UPGMA-tree
based on Euclidean distance (not shown) distin-
guished the same groups outlined in PCA.
Population structure and genetic variation
Under both AMOVAs, groups by species (3) and
groups by taxa (7), variation within populations was
exceedingly higher than variation among populations
and among groups. The percentage of total variance
explained by among-populations differences de-
creased (from 25.1% to 17.9%) and the among-group
differences increased (from 8.75% to 16.77%) when
groups were considered as taxa (Table 4). The values
of genetic diversity are presented in Table 5. The high-
est values in genetic diversity in the Sierra Nevada were
found in Armeria villosa subsp. bernisii from mid to
low-elevation populations (Ber5 and Ber15 with 0.30).
In contrast, the lowest values were found at the ex-
tremes of altitudinal range: at very low elevation in A.
filicaulis (Fil3) from Puerto Blanquillo (900 m) and at
high-elevation populations (2870 m) of A. splendens
(Spl31) (0.16 and 0.15, respectively). Values of Hpop
ranged from 0.17 to 0.21 in A. filicaulis subsp. nevaden-
sis to 0.16-0.25 in the remaining A. filicaulis popula-
tions. In A. villosa, the values for subsp longiaristata
(0.21-0.25) fell within the range detected for subsp.
bernisii (0.17-0.29). The Bayesian analysis contributed
to detect a genetic structure with clusters independent
of their taxonomic ascription (Fig. 5). The similarity co-
efficients calculated from the STRUCTURE results in-
cluding all individuals showed that 1 and 2 are the only
values of K that gave an unambiguous distribution of
the individuals. In addition, the highest likelihood was
obtained for K = 2 and K = 6, and the DK values also
J. Fuertes Aguilar & al.
supported K = 6. The six identified groups matched the
population clusters and subclusters identified by the
ΦST – based NJ–tree of populations. Actually, the same
geographic pattern and a moderate congruence with
taxonomy could be observed in the neighbour-joining
tree based on ΦST pairwise values among populations
(Fig. 5). The first cluster (C1, Fig.5) included popula-
tions of A. filicaulis (Fil1, Fil2, Fil3, Fil4, Filtre10) and
A. villosa subsp. bernisii (Ber11, Ber9) from the Teje-
da-Almijara range and Western Sierra Nevada, plus
Fil7, a population from the dolomites of Alfacar that
was genetically linked to another dolomiticolous pop-
ulation (Ber8) from the Cerro Trevenque. The second
cluster was divided into two subclusters, the first one
(C2, Fig. 5) exclusively composed of A. villosa, and
the second one (C3, Fig.5) encompassing all the pop-
ulations of A. splendens and A. filicaulis subsp. ne -
vadensis plus two of A. villosa subsp. bernisii (Ber12
and Ber26). The remaining group of A. villosa subsp.
bernisii (populations Ber14, Ber 15, and Ber16), all
from the southern slopes of the Sierra Nevada, fell
apart from the others, being closer to the lowland 
A. villosa subsp. longiaristata (C4, Fig. 5).
Discussion
Genetic variation and population structure
It is generally accepted that the parameters de-
scribing the genetic variation, its partition among and
within populations and the genetic divergence among
populations, result from the combination of two
types of factors: life history traits (e.g. breeding sys-
tem, seed dispersal, life form, geographic range) of
the taxon and the evolutionary history of its studied
populations. Based on data in various studies using
188
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Table 4. Analysis of molecular variance (AMOVA) based on 62 RAPD bands of Armeria spp. populations. Significance level after 1023
iterations :*p < 0.05;**p < 0.01; ***p < 0.001.
Source of variation d.f. Sum of squared Variance % of total 
deviations components variance
Among species (3 groups)a 2 120.19 0.90*** 8.75
Among populations within species 33 643.29 2.57*** 25.07
Within populations 142 963.50 6.79*** 66.18
Among taxa (7 groups)b 6 306.18 1.74*** 16.77
Among populations within taxa 29 457.30 1.85*** 17.87
Within populations 142 963.50 6.78*** 65.37
a A. splendens, A. villosa, and A. filicaulis; b A. splendens, A. villosa subsp. longiaristata, A. villosa subsp bernisii, A. filicaulis subsp. nevadensis, A. filicaulis
subsp. trevenqueana, A. filicaulis subsp. alfacarensis and A. filicaulis subsp. filicaulis.
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molecular markers, Nybom & Bartish (2000) and Ny-
bom (2004) estimated the average values of within-
population diversity and among-population diversity
for several life history traits, thus: Hpop = 0.25 and ΦST
= 0.25 for long-lived perennials; Hpop = 0.20 and ΦST =
0.26 for endemics; Hpop = 0.28 and ΦST = 0.34 for nar-
rowly distributed plants; and Hpop = 0.27 and ΦST =
0.27 for obligate outcrossers. In contrast to a study on
continental populations of another species of Arme-
ria, A. maritima, in which Baumbach & Hellwig
(2003) reported low values of genetic variability per
population (0.122-0.193) and high levels of
differentiation (ΦST = 0.46) for this perennial out-
Diversity of Armeria in Sierra Nevada
crosser, the values reported here for part of our stud-
ied Armeria species are in accordance with the pa-
rameters indicated by Nybom & Bartish (2000) and
Nybom (2004). The average values of genetic diversi-
ty observed in A. filicaulis (Hpop = 0.20, ΦST = 0.34) and
A. villosa (Hpop = 0.24, ΦST = 0.37) match those of ob-
ligate outcrossers with comparable distribution areas.
Indeed, the partitioning of the RAPD variation re-
vealed the highest proportion of within-population
variation (66.2 % and 65.4%), which is in accordance
with the pattern in obligate outcrossers. An impor-
tant implication from hierarchical analysis of variance
is that differences among groups (either species or
189
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Table 5. Synthesis of geographical, genetic and morphological information of studied populations of Armeria spp. in southern Spain.
Populations codes correspond to those indicated in Table 1.
Population Population Altitude Morphological RAPD Hpop RAPD ITS trnL-Ff
sizea m asl group b indiv.c pop.d ribotypee haplotype
Fil1 II 1700 B 6 0.20 C1 R2 A
Fil2 II 1200 B 6 0.25 C1 R2 E
Fil3 I 900 B 6 0.16 C1 R2/R3 A, B
Fil4 II 1180 B 6 0.20 C1 R3, R2/R3 A
Filtre10 I 1875 B 4 0.21 C1 R3 E, F
Ber8 II 1350 A 4 (5) 0.24 C1 R3 E
Ber25 I 2020 A 2 (1) 0.20 C2 R2/R3 E
Fil7 1400 B 4 0.24 C1 R2/R3 A
Ber26 1950 A 2 0.20 C2 R1/R3 A
Nev30 III 2460 D 5 0.20 C3 R3 A
Nev27 II 2280 D 5 (4) 0.17 C3 R3 I
Nev28 II 2200 D 5 0.21 C3 R3, R1/R3 L
Nev29 II 2340 D 5 0.18 C3 R3 I
Spl31 II 2870 C 5 0.15 C3 R3 I
Spl32 II 3100 C 5 0.17 C3 R3 I
Spl33 II 3040 C 5 0.17 C3 R3 I
Ber5 IV 1250 A 1, 2 (3) 0.29 C2 R3 I
Ber6 II 1300 A 1 0.21 C2 R2/R3 L
Ber9 II 1800 A 6 (2) 0.23 C1 R3 I, L
Ber11 I 1600 A 6 (2) 0.25 C1 R2, R2/R3 A, E
Ber12 II 1950 A 2 (5, 6) 0.26 C3 R3 I, L
Ber13 III 2230 A 5 (3) 0.22 C3 R3 L
Ber14 III 1830 A 3 0.25 C4 R3 I
Ber15 II 1920 A 3 (1) 0.30 C4 R2/R3 I
Ber16 II 2060 A 3 0.17 C4 R3, R1/R3 I, L
Ber17 II 1920 A 1 0.22 C2 R3 I
Ber18 III 1800 A 1 0.18 C2 R2/R3 I
Ber19 I 1600 A 1(2) 0.27 C2 R3 K, L
Ber20 I 2100 A 1 0.28 C2 R3, R2/R3 I, L
Ber21 II 1990 A 1(2) 0.22 C2 R3 I
Ber22 II 1900 A 1 0.18 C2 R3 I
Ber23 II 1820 A 1 0.19 C2 R3 L
Ber24 III 1720 A 1 (2, 5) 0.26 C2 R3 L
Lon34 1300 A 2 (3) 0.21 C4 R4 I
Lon35 1320 A 3 (2) 0.27 C4 R4 G
Lon36 I 1250 A 2 (1) 0.26 C4 R2 A
a I: N < 50; II: 50 < N < 100 individuals; III: 100 < N < 500; IV: N > 500; b Groups represented in Fig. 4; c Groups represented in Fig. 3; d Clusters repre-
sented in Fig. 5; e Ribotype groups after Nieto Feliner & al., 2004; f Haplotype groups after Gutiérrez Larena & al., 2002.
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subspecies) accounted for a small percentage of the
total variance (Table 4), suggesting the importance of
interspecific gene exchange. The lack of diagnostic
markers represented by fixed private bands in total-
genome markers for the species and subspecies is
good evidence that gene flow occurs across species
barriers, as detected in Pistacia (Yüzbasioglu & al.,
2008).
However, some of our studied taxa showed devia-
tions from the expected values for obligate outcrossers.
Armeria splendens (Hpop = 0.17) and, to a lesser extent,
A. filicaulis subsp. nevadensis (Hpop =  0.19) were closer
to those of facultatively allogamous plants than to the
values expected for obligate outcrossers with a self-in-
compatibility system, like most Armeria species (Baker,
1966). However, no evident signs of breakdown in the
incompatibility system were observed in these species
since the two morphs associated to the incompatibility
system are found (Fuertes Aguilar & Nieto Feliner, un-
publ. data). The possible occurrence of polyploids in
A. filicaulis subsp. nevadensis and A. splendens, which
could break the diallelic incompatibility system, was
also discarded after a cytological survey of high-alti-
J. Fuertes Aguilar & al.
tude populations of the two taxa (Fuertes Aguilar &
Nieto Feliner, unpubl. data). Rather, we think that the
low genetic diversity values observed in populations of
A. splendens and A. filicaulis subsp. nevadensis, and es-
pecially in the case of the former, are not related to life
history traits but to the recent history of their habitats.
The small-sized scattered populations of A. splendens
strictly depend on habitats surrounding lakes created
by morraines after deglaciation. Present populations of
A. splendens were therefore in the frontline of re-colo-
nization of deglaciated environments after the last sta-
dial, and might have suffered a loss of genetic variation
due to founder effects and bottlenecks during migra-
tion (Gabrielsen & al., 1997; Piñeiro & al., 2011). In
the case of A.filicaulis, the populations of subsp. ne va -
densis, concentrated in N-NW slopes of the Sierra Ne -
vada, are altitudinally and geographically isolated from
the remaining populations of A. filicaulis, and there-
fore their inter-populational gene flow might be re-
stricted and so favouring genetic drift and stronger ge-
netic differentiation, as reported in other alpine taxa by
Aægisdóttir & al. (2009), and Winkler & al. (2010).
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Fig. 5. Left, Neighbour-joining tree of studied Armeria spp. populations using ΦST as an estimation of genetic distance showing four
main clusters. Symbols as in Fig. 1. Right, genetic structuring of Armeria spp. individuals detected by genetic admixture analysis in
STRUCTURE for K = 6.
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Genetic diversity along an altitudinal gradient
Correlation analyses between populational parame-
ters and geographic distances have been used to study
the history of postglacial migrations (Ga brielsen & al.,
1997, Holderegger & al., 2002). In the present study,
the linear distances are so small, the topography is so
irregular, and the groups are so heterogeneous that
any kind of corrected geographic distance would be
inaccurate to describe true among-population rela-
tionships. Nevertheless, the distribution of the popu-
lations along an elevation gradient perpendicular to
the direction of the glaciation/de glaciation front al-
lows us to explore whether recolonization influenced
any of the population parameters. The correlation
analysis (Fig. 6) produced a significant negative corre-
lation (r2 = 0.410, d.f. = 18, p = 0.003) between eleva-
tion and population genetic diversity (Hpop) for Arme-
ria villosa subsp. bernisii. The populations of A. splen-
dens and A. filicaulis subsp. nevadensis analysed to-
gether (to compensate their low number) gave no
significant result (r2 = 0.497, d.f. = 7, p = 0.051), prob-
ably due to the low number of populations sampled,
but they showed a trend towards a lower Hpop values as
the altitude increased. To perform the analysis on A.
villosa subsp. bernisii, a correction for elevation values
was needed for populations on the southern slope of
the Sierra Nevada. Climatic and vegetation conditions
for Supra-Medi terranean and Oro-Mediterranean
thermotypes on the southern slopes appear approxi-
mately 200 m higher than on the northern slopes
(Lorite & Valle, 1999; Rivas-Martínez & al., 1986).
Therefore, for these specific correlation analyses, we
compensated the elevation values by decreasing the
respective altitudes by 200 m for the nine populations
of A. villosa. subsp. bernisii from the southern slope
(Ber12 to Ber20, Table 5). The continuous decrease of
Hpop for such populations as the elevation increases is
clear: populations below 1850 m were in the 50% per-
centile, whereas the lowest values were found above
that elevation. No other common factor groups these
populations with low Hpop except for the population of
A. villosa subsp. bernisii from Gador (Ber18), where
the isolation from neighbouring populations (15 km to
the closest one) and habitat degradation might be de-
terminant. The fact that the lowest values for A. vil-
losa. subsp. bernisii are similar to those exhibited by A.
splendens and A. filicaulis subsp. nevadensis suggests
that glaciation events could have influenced the genet-
ic depauperation of those populations. However, the
trend observed in A. villosa subsp. bernisii suddenly
ends for the high-altitude populations (Ber13, Ber20,
Ber21, Ber25), which depart from the common trend,
showing values of Hpop 25-50% higher than those of
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populations immediately below in altitude. It is also
noteworthy that the altitudinal belt between 1400 and
1900 m, where A. villosa. subsp. bernisii reaches its
highest diversity values is the only gap in the elevation-
al distribution of A. filicaulis. A possible explanation
for this pattern is that A. villosa subsp. bernisii geneti-
cally assimilated previously existing populations of 
A. filicaulis subsp. nevadensis in this range.
We suggest that the pattern of genetic diversity along
the altitudinal gradient in the Sierra Nevada is congru-
ent with that presented in previous evidence based on
plastid (Gutiérrez Larena & al., 2002) and ITS se-
quences (Nieto Feliner & al., 2002), and could be ex-
plained by two parallel waves of altitudinal coloniza-
tion into deglaciated habitats, one by Armeria fili caulis
subsp. nevadensis plus A. splendens and another by 
A. villosa subsp. bernisii and these are reflected by the
two different regression slopes (Fig. 6). The higher than
expected values in high-altitude populations of A. vil-
losa. subsp. bernisii may be due either to the presence
of populations of this taxon prior to glaciation (nunatak
hypothesis) or, alternatively, to recent gene flow be-
tween A. filicaulis. subsp. nevadensis and A. splendens
that created an additive effect in border populations
produced via hybridization. Another possible indica-
tion of the genetic assimilation of other congeners' po-
pulations by A. villosa subsp. bernisii is the observed in-
crease of genetic diversity in high-altitude populations
(Ber12, Ber13, Ber26) (Fig. 6), two of which cluster
with A. filicaulis subsp. nevadensis in the NJ-tree (Fig.
5). The process of assimilation of taxa by genetically
"aggressive" species has been previously reported for
A. villosa (Fuertes Aguilar & al., 1999) and it conforms
to the compilospecies concept (Harlan & De Wet,
1963). A similar evolutionary scenario has been report-
ed to occur during overlapping postglacial migration of
different taxa in Arctic areas (Brochmann & al., 1996).
Genetic distance and morphological cohesion
The NJ-tree produced by analysing individual
RAPD phenotypes shows a pattern analogous to that
obtained with sequence data (Gutiérrez Larena & al.,
2002; Nieto Feliner & al., 2004): few (6) recognizable
groups that are taxonomically heterogeneous, mostly
with a geographical and geological common ground,
and with low BS (Fig. 3). The situation changes dra-
matically when the analysis is made on a populational
basis, using estimates of ΦST as genetic distance (Fig.
5). The three main clusters detected are largely con-
gruent with the morphological variation and taxono-
my, except for those taxa with a putative hybrid origin
and a few idiosyncratic populations, already detected
through morphological and molecular incongruence
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(Fil7, Filtre10, Ber8, Ber9, Ber11). Cluster 1 gathers
populations from the Tejeda-Almijara range and the
nearby Western Sierra Nevada, thus suggesting con-
nections through migration and genetic exchange be-
tween these areas (Gutiérrez Larena & al., 2006). The
large cluster 2 encompasses almost exclusively popu-
lations of Armeria villosa, except for the recently de-
scribed populations of A. filicaulis subsp. alfacarensis
(Gutiérrez Larena & al., 2004). Cluster 3 groups A.
splendens with populations of hybridogenous A. fili-
caulis subsp. nevadensis. This cluster also includes
two populations of A. villosa subsp. bernisii (1950 m)
that are sympatric to those of A. filicaulis subsp.
nevadensis. This connection lends support to the hy-
pothesis that A. villosa. subsp bernisii originated
through genetic swamping of A. filicaulis populations
with A. villosa invaders from outside the Sierra Neva-
da (Guitérrez-Larena & al., 2002).
An unexpected outcome obtained both from
RAPD and morphological analyses is that populations
that occur on two rather isolated crystalline dolomitic
J. Fuertes Aguilar & al.
enclaves (Alfacar, Cerro Trevenque) are genetically
closer than previously thought. Armeria filicaulis sub-
sp. alfacarensis is connected in the MST to individuals
of A. villosa subsp bernisii from Trevenque and all of
them are placed in proximity to A. filicaulis subsp.
trevenqueana in the Principal Component Analysis of
morphometric data. The question arises whether
there is a common origin for those dolomiticolous
taxa, or whether the similarity is a result of introgres-
sion among them. A third alternative is a strong selec-
tive pressure for morphological and genetic charac-
ters adapted to such a demanding environment. Al-
though there is a recent study supporting the rele-
vance of substrate type as responsible for alpine plant
distribution patterns the answer to these questions re-
quires further research.
Glacial dynamics and paleoecological data
Paleoecological reconstructions for the Sierra Ne -
vada environments during Pleistocene are still very in-
complete. A significant difference in the effects of
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Fig. 6. Correlation analysis graphs between Armeria spp. populational genetic diversities and altitudes, considering only the Sierra
Nevada populations. a1 = A. filicaulis subsp. nevadensis + A. splendens, a2 = A. villosa subsp. bernisii. Symbols as in Fig. 1.
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glaciations on Mediterranean massifs such as the Sie-
rra Nevada compared to those at higher latitudes such
as the Pyrenees and the Alps is that glaciers were
smaller and much more adapted to relief in the former
massif. As a consequence, water availability from
melting ice was more geographically limited. This fea-
ture, combined with the reduced water available from
precipitation during glacial periods, promoted the
predominance of arid (steppic) ecosystems in areas
only moderately distant from melting-ice water. The
result was an enforcement of the island effect on some
alpine plants. Another effect of climatic changes dur-
ing glacial maxima was the contraction of bioclimatic
belts. Given that the Sierra Nevada relief has re-
mained more or less constant since the onset of Pleis-
tocene glaciations, we can infer that conditions for the
crioromediterranean bioclimatic belt descended to 
c. 1800 m on the north western slope of the massif
(Gómez Ortiz & Salvador i Franch, 1996). This con-
traction caused a more marked ecological gradient be-
tween xeric and humid conditions along the slopes
(Ferris & al., 1999). The sequence of changes has been
recorded at the Padul site (950 m) for the Sierra Neva-
da, with the appearance of steppic vegetation (Arte -
misia, Ephedra, Chenopodiaceae) in basal Sierra
Nevada zones during Last Glacial Maximum (Pons &
Reille, 1988). There is also the possibility that high-al-
titude plants survived during the glaciations in
nunataks, i.e. areas that remained ice-free, but the ex-
istence of nunatak survival in European mountain sys-
tems and its relevance for the interglacial recoloniza-
tion process is still under discussion (Stehlik, 2000,
2003; Stehlik & al., 2002). The arrival of the genus
Armeria in the southern Iberian Peninsula is difficult
to date and paleopalynological data contribute little
due to the low pollen production in the genus (Barrón
& al., 2010). There is no evidence of Armeria fossil
pollen recorded in the Padul sediments (Pons &
Reille, 1988) but a sample from a hyena coprolite from
Late glacial (12700 yr BP) c. 20 km north of the Sierra
Nevada may belong to Armeria, possibly A. villosa
(Carrión & al., 2001b; Carrión, unpubl. data.). This
sample was originally assigned to Limonium, a genus
with a pollen morphology indistinguishable from that
of Armeria. However, Limonium is always associated
with alkaline soils and never with the Quercus aff.
pyrenaica forest that the paleoecological reconstruc-
tions indicate for this deposit.
Two previous studies based on plastid DNA and
ITS markers proposed a scenario of colonization of
the Sierra Nevada by successive migrations (Gutiérrez
Larena & al., 2002; Nieto Feliner & al., 2004). On this
view, Armeria splendens was the first species that colo -
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nized the Sierra Nevada. A. splendens belongs to a
group of high-elevation species including A. alpina
from the Alps and the Pyrenees, and A. bigerrensis
and A. caespitosa from the Iberian Central System,
with which it shares the same plastid haplotype (Gu -
tiérrez Larena & al., 2002, Fuertes Aguilar & Nieto
Feliner, unpubl. data). Of the three species present in
the Sierra Nevada, A. splendens is also the only one
that has exclusively the endemic ITS ribotype R3
(Nie to Feliner & al., 2004). In a subsequent phase, A.
splendens would have originated A. filicaulis subsp.
nevadensis by hybridization with A. filicaulis. This
scenario is consistent with the finding that, based on
RAPDs at the population level, A. splendens has its
lowest genetic distance with A. filicaulis subsp.
nevadensis populations (Nev27, Nev28, Nev29, and
Nev30). The genetic diversity values of Armeria fili-
caulis subsp. nevadensis and A. splendens also decrease
with increasing altitude, an effect observed in alpine
plants during the colonization of glacier forelands
along the successional series following ice retreat
(Raffl & al., 2006). Another possible explanation for
the low genetic diversity of A. splendens and A. fili-
caulis, as compared with A. villosa subsp. bernisii, is
population size (Fig. 6), which typically is positively
and significantly correlated with genetic diversity (Ny-
bom, 2004). Armeria splendens and A. filicaulis have
smaller population sizes (70-1000 individuals) than A.
villosa subsp. bernisii, with populations of more
than1000 individuals (Blanca & al., 2002). Other fac-
tors responsible for genetic depauperations and local
extinction, such as genetic bottlenecks caused by brief
periods of glacial activity, have also been recorded in
the Late Glacial and Holocene for taxa in SE Spain
(Carrión & al., 2001a; Carrión, 2002).
What kind of ecological conditions could have
favoured the contact between Armeria splendens and
A. filicaulis to produce the hybrid taxon A. filicaulis
subsp. nevadensis? Assuming that both taxa have
maintained their current ecological requirements, a
descent in the altitudinal range of A. splendens so as to
converge with that of A. filicaulis in W and NW Sie-
rra Nevada may have occurred during the maximum
contraction of vegetation belts in the Sierra Nevada.
Such conditions may have only been met during the
maximum glacial stages. The same kind of predomi-
nantly periglacial xeric conditions have been recor-
ded in the Cañada de la Cruz (Sierra de Cazorla) series
by Carrión & al. (2001a). Assuming niche conser-
vatism, at the end of that period and during the pre-
sent interglacial stage, A. splendens, and to a lesser ex-
tent, A. filicaulis subsp. nevadensis, could have ex-
tended their range upwards following their optima,
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until they reached their present distribution. In con-
trast to the dry and cold environmental conditions as-
sociated with the establishment of A. splendens and A.
filicaulis in the Sierra Nevada, the climatic conditions
for the wave of colonization in the massif by A. villosa
are likely to have been considerably wetter and
warmer. This species grows in the understory of Pinus
and Quercus spp. forests, whose ranges expanded in
Betic and Sub-betic areas during interglacial periods
(Carrión & al., 2001a). The concomitant forest expan-
sion across the massif probably facilitated the hy-
bridization between A. villosa and A. filicaulis, result-
ing in the partial assimilation of the latter to create
what is now known as A. villosa subsp. bernisii, and
which is currently distributed over a large part of the
forested slopes of the Sierra Nevada. This scenario is
consistent with the clustering of two populations of
the latter taxon (Ber12, Ber26) with those of A. splen-
dens and A. filicaulis subsp. nevadensis in the NJ-tree
based on genetic distances among populations (Fig.
5), as well as with the rare occurrence of the plastid
haplotype L that is predominant in both A. villosa
subsp. bernisii and A. filicaulis subsp. nevadensis (Gu -
tiérrez Larena & al., 2002). A possible trace of the
processes described above, which involved repeated
genetic exchange between the Armeria congeners, is
the predominance of haplotype I (from A. splendens)
in populations of A. villosa subsp. bernisii and the oc-
currence of haplotype E, which is frequent in A. fili-
caulis but absent in populations of A. villosa. subsp.
bernisii from the Sierra Nevada except at El Dornajo
(Ber25) (Gutiérrez Larena & al., 2002). The expan-
sion undergone by this latter taxon was probably the
result of population fragmentation and long-distance
dispersal, as reflected by the absence of a congruent
geographic pattern among haplotype and ribotype
distributions in the Sierra Nevada, and in the genetic
distance tree (Fig. 5). A relevant part of this process of
expansion has involved the migration of A. villosa.
subsp. bernisii outside the Sierra Nevada and the abil-
ity to colonize the Tejeda-Almijara range (Gutiérrez
Larena & al., 2006).
In summary, this work shows how a populational
approach encompassing different species may help to
unravel the evolutionary mechanisms (hybridization,
genetic drift, gene flow) that were involved in the
shaping of the present taxonomic and genetic diversi-
ty of the genus Armeria in the Sierra Nevada. In glacial
refugia, such complex interactions between different
taxa are often difficult to interpret using purely phylo-
geographic approaches. However, our present under-
standing of population genetics in arctic and alpine
postglacial colonization, in conjunction with the infe-
J. Fuertes Aguilar & al.
rence of ecological conditions during glacial/inter-
glacial cycles, provides an explanation to how mor-
phological and genetic diversity was moulded in
southern European refugia.
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